In this paper the electronic circuit implementation of a fuzzy neuron model with a fuzzy Gupta integrator is presented. This neuron model simulates the performance and the fuzzy response of a fast-spiking biological neuron. The fuzzy neuron response is analyzed for two classical (non-fuzzy) input signals, the results are spike trains with relative and absolute refractory period and an axonal delay. A comparison between the response of the proposed fuzzy neuron model and the intracellular registers of biological fast-spiking cortical interneurons is made, as well as the transients presented at the beginning of each spike train. Also the results obtained from the electronic circuit of the fuzzy neuron model with the Matlab™ simulation of the mathematical model are compared.
Introduction
In the development of artificial neurons, two main research tendencies can be distinguished: one of them is based on the classical logic and the other on the fuzzy logic. The first is characterized by binary truth values and classical logical operations used to describe neuronal processes in the classical artificial neurons [1] [2] [3] [4] [5] . On the other hand, the fuzzy logic developed in the last few decades has been another alternative for the modeling of artificial fuzzy neurons [6] [7] [8] [9] . Instead of binary truth values, they use a truth membership function and fuzzy logic operations for modeling neural processes producing a fuzzy response.
In order to study the electrical properties, to analyze the electrophysiological signals and the electrical behavior of the motor cortical neurons like the fast spiking neurons, several neuron models and circuits [10] Some of them have been proposed in order to characterize the most important biological neuron properties like the synaptic operation, the somatic aggregation operation, the non-linear threshold operation, the spike generation, the relative refractory period, the absolute refractory period and the axonal delay. In this way, the biological inspired neuron models are called neuromimes and are an important way to emulate and analyze the time characteristics of the neuron response [18] , [19] , [20] .
The fuzzy artificial neuron presented in this paper allows modeling processes like the refractory period, the axonal delay and the spikes generation [21] [22] [23] as well as the fast spiking neurons performance and analyzing the fuzzy neuron model response for different input signals instead of having to do it directly with a biological neuron, taking advantage of the simplicity of the digital processes.
Fuzzy neuron model
According to Gupta [9] , the basic neuron operations are a synaptic operation, an aggregation somatic operation and a non-linear somatic operation with threshold. If these operations are fuzzy then we have a fuzzy neuron. The fuzzy neuron model developed in this paper is biologically inspired in the typical fast spiking neuron response specifically in the cortical interneurons fast spiking response. In order to emulate the neuronal response we propose to consider the synaptic weights with a unit value, the aggregation somatic operation to be done with a fuzzy Gupta Integrator based on the Gupta fuzzy neurons theory [9] . The non-linear somatic operation with threshold is done through an activation function with a dynamical threshold. The threshold of the input signal to the activation function is a time-varying function. Therefore, the dynamic threshold of the activation function has a membership function that assigns membership values to the fuzzy integral of the non-fuzzy input signals to the fuzzy neuron. The response of the activation function is a time-varying fuzzy output signal with pulses of constant amplitude and variable duration and frequency according to the mapping done by the membership function threshold activation function. The fuzzy response of the activation function is the input signal for generating the spikes trains which are the fuzzy response of the fuzzy neuron model. Figure 1 shows the general block diagram of the electronic circuit for generating spikes trains; these are the fuzzy responses of the fuzzy neuron. The input signals applied to the fuzzy neuron are V in1 (t) and V in2 (t). These analog input signals are then converted into input digital signals to the fuzzy neuron circuit where a fuzzy integral defined by Gupta [9] is applied as a generalized Max operator or generalized fuzzy OR, with N inputs. Then the output signal of the fuzzy integrator enters into a step activation function as well as a triangular threshold signal V threshold (t) with a frequency of at least ten times the frequency of the input signals, this threshold signal is analog and is converted to digital.
Once the fuzzy neuron response V out (t) is obtained, a relative refractory period is applied to this signal and, afterwards, an axonal delay which can be selected between 0.1 to 1ms, later V out (t) enters to an AND gate with a clock signal V clk (t) used for the A/D converters, the output signal V train (t) is clock pulses trains with constant amplitude but each pulse train in width and frequency is the result of the fuzzy integral of the fuzzy neuron input signals and the non-linear somatic operation with dynamic threshold.
The input signal V train (t) is then applied to the spiking generator circuit (SGC), as indicated in Figure 1 , where finally spikes trains are obtained, all the spikes are of the same amplitude and of the same period of a clock pulse V clk (t). 
Fuzzy neuron model circuit
The aggregation somatic operation for the fuzzy neuron model is defined as a Gupta fuzzy integrator (GFI) or generalized fuzzy OR of N inputs formed by N-1 fuzzy OR gates (Max operators) connected in cascade, to perform the somatic aggregation operation. The non-linear somatic operation with threshold is defined as an activation function (AF) with threshold and realizes the non-linear somatic operation with threshold which generates a fuzzy response of the fuzzy neuron.
The spiking fuzzy neuron with a Gupta fuzzy integrator developed in this paper is a fuzzy neuron with no fuzzy inputs [9] . For a fuzzy neuron with N non-fuzzy inputs, the synaptic weight operations are replaced by membership functions. Then the result of each synaptic operation is the assignment of a membership value to each dendritic input signal corresponding to a fuzzy set, that is, the synaptic operation result is a fuzzy mapping . The electronic digital circuit of the somatic operations of the proposed fuzzy neuron model is given in Figure 2 .
Refractory period circuit
The refractory period is the time interval after a spike neuron emission in which the neuron does not respond to any input signal [24] and [25] . In the fuzzy neuron the refractory period is generated from the pulses of the output signal V out (t). The refractory period T R is implanted through an electronic circuit ( Figure 3 ) which enables or disables the fuzzy neuron to respond to any input signal including the threshold input signal, that is, after a pulse in V out (t) is generated, a monostable multivibrator circuit is activated with the falling edge of the pulse (t Ri ) and generates in its output Q the control signal V ine (t), a low pulse.
If the electronic circuit of the fuzzy neuron is disabled V ine (t) = 0, it does not respond to any input signal, then in1
After this time interval (T R ) the control signal V ine (t) returns to the normally high state and the fuzzy neuron is enabled again. T R has a duration from 0 to 1 ms and is defined as
Axonal delay circuit
The axonal delay is the time in which the signal travels across the axon [25] . In order to produce an axonal delay to the fuzzy response V out (t) of the fuzzy neuron, shift registers with D flip-flops ( Figure  4 ) were used connected in cascade. If the initial time is t 0 = 0 s and the delay applied to V out (t) in each flipflop is a 2 clock cycle, then for a clock frequency f clk = 500 KHz of the signal clock V clock (t), two clock cycles = 4 μs and therefore we have 10 axonal delays t AD1 , t AD2 , … t AD10 , available every 100 μs. 
Spike-generator circuit
The spike-generator electronic circuit was developed from the fuzzy neuron response V out (t), Figure 1 . Based on the general block diagram in Figure 1 in order to obtain spikes, a logic AND gate is required and a spike-generator electronic circuit. For the signal V train (t) we have Equations (2) and (3) :
For the next stage in the spike-generator circuit (SGC), we propose an electronic circuit which converts the input signal V train (t) into a bipolar square signal with an amplitude of +V to -V . Because the spikes are bipolar signals, that is, with a positive and negative part, therefore we have Equation (4): Based on the bipolar signal V trainbi (t), the spikes are obtained according to the SGC in Figure 5 which is defined by Equation (5):
Results
The In order to prove the fuzzy neuron model proposed in this paper, two analog sinusoidal signals V in1 (t) and V in2 (t) with a frequency of 1 KHz, 5 Vpp of amplitude and 180° out of phase from one another, as shown in Figure 6 , were applied. Figure 7 illustrates the threshold triangular input signal V threshold (t) with a frequency of 10 KHz and 5 Vpp of amplitude. The clock signals V clk (t) are square pulses with a frequency of 500 KHz and 5 Vpp of amplitude. The output of the fuzzy neuron V out (t) is constituted by square pulses with constant amplitude, the pulse width and frequency are result of the fuzzy integral of the input signals V in1 (t) and V in2 (t), that is, V out (t) is the maximum of the amplitude of the two input signals after the non linear somatic operation with threshold or activation function, Figure 7 , channel 3. (2) Fuzzy neuron analog input signal V in2 (t). The refractory period T R where the fuzzy neuron is unresponsive to any input excitation signal, after a pulse in V out (t) is generated, is observed in the oscillograms of Figures 8 and 9 . The fuzzy response of the fuzzy neuron model V out (t) without refractory period is presented in Figure 8 , and the output signal V out (t) with the effect of the refractory period T R of approximately 0.4 ms is illustrated in Figure 9 .
The axonal delay effect on the fuzzy response V out (t) of the fuzzy neuron could be observed in channels 1, 2, 3 and 4 in the oscillogram in Figure 10 with different axonal delays V out1 (t), V out2 (t) and V out3 (t) which are shown simultaneously; in channel 1 the output signal V out (t) is shown without any axonal delay (t 0 ), in channel 2 V out1 (t) has an axonal delay (t 0 -t AD1 ) of 0.1 ms with respect to V out (t), in channel 3 V out2 (t) has an axonal delay (t 0 -t AD2 ) of 0.2 ms with respect to V out (t) and in channel 4 V out3 (t) has an axonal delay (t 0 -t AD3 ) of 0.3 ms with respect to V out (t).
Although there are ten output signals parallel V out1 (t), V out2 (t) ... V out10 (t) with axonal delay of 0.1 to 1 ms, only one of these output signals V outx (t) could be the input signal to the spike-generator circuit in order to obtain V spike (t) spike trains consisting of action potentials of the same shape and duration each. With the purpose of simulating the performance and response of a fast-spiking biological neuron and based on the output signal V out (t) (Figure 8 ), the signal V train (t), consisting of trains of clock pulses, was obtained, later the signal V trainbi (t), consisting of trains of bipolar clock pulses, and finally, the output signal V spike (t), consisting of spike trains as shown in channel 3 in Figure 11 . The duration and frequency of these spike trains or action potentials of the same shape and period constitute the response of the fuzzy neuron model.
The comparison of the initial transient envelope train of spikes of the fuzzy response in Figure 12 obtained from the fuzzy neuron model proposed in this paper, with the register obtained from a biological cortical neuron [10] , confirms the biological similarity between the two responses. Figure 11 shows the spikes of the fuzzy response V spike (t), the shape and length in each spike is the same, therefore, the length and frequency of the spike trains provides the information in the input signals V in1 (t) and V in2 (t) after a fuzzy process like the Gupta fuzzy integral and the step activation function with dynamic threshold, besides the refractory period and the axonal delay of the fuzzy neuron model. The duration and frequency of the spike trains are the result of the fuzzy integral of the fuzzy neuron input signals.
Also observed in Figure 11 , a spike period is 2 µs, a period of a signal clock V clk (t), and the minimum distance between two spikes is defined as the absolute refractory period of the spikes, this constant period between each spike is 1 µs considering the signal clock V clk (t) frequency of 500 KHz. The fuzzy neuron response with an axonal delay applied (t 0 -t AD1 ) is shown in Figure 12 . It is observed that the spike shape is preserved even after the axonal delay. Thus, this demonstrates the initial hypothesis of making digitally the axonal delay and before the spike generation, and then the information in the spike trains is also preserved according to the objective set at the beginning of this paper. Also in terms of the spike shape and distribution (absolute refractory period) of the fuzzy response of the fuzzy neuron model proposed (Figure 11 ), the behavior corresponds to the fast spiking cortical interneurons according to records shown in [18] .
Comparison of the results of the fuzzy neuron model electronic circuit with the simulation results of the mathematical fuzzy neuron model in Matlab.
In order to compare the results obtained from the fuzzy neuron electronic circuit, a simulation of the mathematical fuzzy neuron model was made in Matlab. Figure 13 shows the input signals V in1 (t) and V in2 (t), the fuzzy integral V max (t), the threshold signal for the activation function V threshold (t), and the activation function output signal V out (t). Figure 14 shows the output signal V out (t) with a refractory period T R = 0.1 ms where the fuzzy neuron is unresponsive to any excitation signal after a pulse in V out (t) is generated.
The digital output signal V out (t) with four different axonal delays V out1 (t) with 0.1 ms, V out2 (t) with 0.2 ms and V out3 (t) with 0.3 ms are shown in Figure 15 . Figure 13 . V in1 (t) fuzzy neuron analog input signal, V in2 (t) fuzzy neuron analog input signal, V max (t) fuzzy integral of the fuzzy neuron input signals, V threshold (t) fuzzy neuron threshold analog input signal and V out (t) activation function digital output signal. Figure 16 shows the spikes of the spike trains of the fuzzy neuron response, the spike period is 2 µs, and the absolute refractory period is 1µs. The fuzzy neuron response V spike (t) and the fuzzy neuron response with axonal delay of 0.1 ms V spike (t -t AD1 ) are shown in Figure 17 . Comparing Figures 11 and  12 , the spike shape is preserved even after the axonal delay process in both figures and a difference between Figures 16 and 17 is the transient presented at the beginning of each spike train. In Figure 16 , the transient observed is similar to the response of biological spiking neurons [10] and [18] . The same response could be obtained from a microcontroller, however, the mathematical model would be more complex and a great amount of memory would be required compared with the digital circuits used in this fuzzy neuron model. 
Conclusions
A fuzzy neuron model is developed for the synaptic and somatic aggregation operations, the non-linear step activation function with threshold, and the neural features such as the refractory period and the axonal delay. The equations for the spike traingenerator were also given. The mathematical model equations and the electronic circuit equations for the fuzzy neuron model both describe the fuzzy neural processes from the classic analog input signals to the fuzzy neuron response.
Comparing the fuzzy neuron model given in this paper with others fuzzy and non-fuzzy neuron models which include some of the neural features like the refractory period and the axonal delay, one of the advantages of the fuzzy neuron model is that the shape and length of the spike trains of the fuzzy response are preserved even after the effect of the refractory period and the axonal delay, because the neural somatic processes in the fuzzy neuron are performed in a digital way and before the spike generation with analog electronic circuits, preserving in this form not only the frequency and length of the spike trains but also the spike shape and the absolute refractory period in the fuzzy neuron response.
The contributions in this paper are a consequence of the work reported in [7] and [21] . These contributions are the mathematical and electronic models of the fuzzy neuron, the neural features like the refractory period, the axonal delay and the spiking generation. Also a printed circuit of the fuzzy neuron model was implemented and tested for two classic analog input signals with a fuzzy neuron response as result.
Another advantage of this fuzzy neuron model is that the neuronal processes like the refractory period and axonal delay are made in a digital form before the spiking generation. There are also ten digital axonal delays available in parallel for the output signal V out (t).
By comparing the fuzzy response of the fuzzy neuron model with registers and results presented in other studies [10] and [18] about fast spiking biological cortical neurons and interneurons, similarities were found in the electrical response in terms of shape, frequency and distribution of the spike trains obtained in the fuzzy neuron model developed in this work and confirming the hypothesis presented at the beginning in this paper.
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